Transcriptional fusions composed of a 19 kilodalton zein cDNA, the 5' flanking region from a j-phaseolin gene, and 3' flanking regions from either the phaseolin or a 15-kilodalton zein gene were introduced into Petunia by Agrobacterium-mediated transformation. The expression of both zein mRNA and protein in these transgenic plants was seed-specific and developmentally regulated. Both monocot (zein) and dicot (phaseolin) polyadenylation consensus sequences were recognized in Petunia. Analysis by immunoblotting showed that the Mr of the zein protein corresponded to that of the mature protein, suggesting that recognition and cleavage of the signal sequence had occurred. While zein mRNA accumulated to approximately 1% of the total poly(A)' RNA in seeds of the transformed plants, zein protein was present at a much lower concentration than expected, at most being 0.005% of the total seed protein. These results suggest that the 19 kilodalton zein gene, in addition to lacking specific sequences required for efficient transcription in dicots, might also lack sequences required for the efficient synthesis, targeting, transport, or stabilization of the protein.
Zeins, the major storage proteins of maize seed, are of considerable agronomic importance, and as such have been the focus of much study. The organization, structure, and expression of genes encoding the various zeins have been characterized (6, 12, 36) as has the compartmentation of the proteins within the endosperm (19, 20) . A structural model of the 19 and 22 kD azein proteins has also been proposed (2) .
Since the development of suitable vector systems for the Agrobacterium-mediated transfer of foreign DNA into plant tissue, there have been several studies on the expression of zein genes in undifferentiated sunflower tissue (11, 23, 27) . These studies showed that zein genomic sequences contain sufficient information for their accurate transcription in sunflower tumors.
However, the levels of zein mRNA were much lower than those found in developing maize endosperm, and zein proteins were not detected.
The expression of seed storage protein genes in transgenic plants has recently been a topic of intense investigation. A gene encoding ,3-phaseolin, the major storage protein of French bean, directed the developmentally regulated accumulation of high levels of phaseolin mRNA and protein in tobacco seed (30) . ' Supported by a grant from Agrigenetics Research Associates to S. B. G. G. G. was (3) . In contrast, when a genomic sequence that encodes a 19 kD zein was introduced into Petunia, only low levels of zein mRNA were detected (35) . In addition, the accumulation of zein mRNA was not seed-specific, nor was there detectable accumulation of the protein. Detectable amounts of 15 kD zein mRNA and protein were found in tobacco, however, when the 5' and 3' flanking sequences of a f3-phaseolin gene were used to direct expression of the 15 kD zein protein coding sequence (13) . In contrast to its localization in maize endosperm, where it accumulates in ER-derived protein bodies (20) , the 15 kD zein protein was found in large protein bodies within the embryo.
The failure to detect the 19 kD zein protein in seeds of transgenic Petunia might be due to several factors, including the inability of dicots efficiently to recognize monocot transcriptional regulatory elements, the instability of the RNA, or the inability efficiently to translate, process, and store the protein.
To examine these possibilities we constructed two chimeric 19 kD zein genes. In both cases, 5' flanking sequences from a 3l-phaseolin gene were used to direct transcription in transgenic Petunia plants. In one construct, pSpA, the 3' flanking sequence from the ,3-phaseolin gene was used to direct polyadenylation, while in the other, pGZ322, the 3' flanking sequence from a 15 kD zein gene was used. Both of these constructs directed the seed-specific transcription of zein mRNA. The 19 kD zein protein was also synthesized, processed to the mature form and accumulated in developing seeds. However, the levels of zein protein were very low.
MATERIALS AND METHODS
Plasmid Constructions. Phaseolin-zein chimeric genes were constructed as shown in Figure 1 . For the construction of pSpA (Fig. 1B) , an 831 bp3 Hinfl fragment containing a 19 kD zein coding sequence was isolated from the cDNA clone cZl 9cl (Fig.  lA) (22) . This fragment was treated with Klenow fragment of DNA polymerase I to produce blunt ends and inserted into the SmaI site of the binary plant transformation vector pBinl9 (4) (Fig. 1, step 1) . The resulting plasmid was digested with BamHI, and an 850 bp BglII fragment containing the promoter and 5' untranslated region of the ,B-phaseolin genomic clone p8.8.pro (13) was inserted ( Fig. 1, step 2 ). Finally, a 1.01 kbpAlul fragment containing the consensus polyadenylation signal sequence and 3' flanking region of p8.8.pro was inserted into the filled-in EcoRI site of the pBin 19 polylinker region (Fig. 1, step 3 (1) (Fig. IA, step 7) . Both plasmids carry a nos-nptll fusion that confers kanamycin resistance upon plants. The recombinant plasmids were mobilized into A. tumefaciens strain LBA4404 by triparental mating (8) .
Plant Transformation, Regeneration, and Growth. Agrobacterium strains carrying plasmid pSpA or pGZ322 were used to infect leaf discs from Petunia hybrida line V23 x R5 1. Leaf disc infections, the selection of kanamycin-resistant calli, and the regeneration of transgenic plants were carried out as described by Horsch et al. (14) with the following modifications. Leaf discs were preincubated for 3 d on preincubation medium (14) . Fully expanded leaf discs were inoculated with Agrobacterium and cocultivated for 3 d on preincubation medium prior to transfer to selective medium. Feeder-layer plates were not used.
Transformed plants were transferred to potting soil and grown in a growth chamber at 20°C with a 16 h photoperiod. Flowers were self-pollinated and seed was collected at 10, 16, 19, and 22 dpp.
Analysis of DNA and RNA. Total DNA was extracted from leaves oftransformed and untransformed Petunia by the method of Dellaporta et al. (7) . The procedure of Southern (32) was used to detect the presence of the zein chimeric gene. Total DNA (15 ,ug) was digested with EcoRI and HindIII, separated by electrophoresis through a 1.2% agarose gel, and transferred to nitrocellulose. The blots were hybridized with a 1.7 kbp EcoRI-HindIII fragment containing the phaseolin 5' and zein coding sequences of pSpA. This same fragment was used for gene copy number reconstructions. Hybridization and autoradiography were performed as described by Goldsbrough et al. (1 1) .
Total RNA was extracted from leaves, stems, roots, immature petals, and seeds of Petunia essentially as described by Beachy et al. (3) . After the final phenol extraction, total nucleic acids were precipitated by the addition of two volumes of ethanol, and total RNA was separated from DNA by precipitation from 2 M LiCl. Total RNA (10 ,g ) was separated by electrophoresis through 1 .2% formaldehyde-agarose gels and transferred to nitrocellulose (33 pSP6.cZl9cl (9) with SP6 RNA polymerase. Hybridization conditions and autoradiography were as described for DNA analyses.
Protein Extraction and Analysis. Protein was extracted from Petunia seeds by the method of Osborne (24) . Seeds from 10 pods (about 250 mg of seed) were ground to a fine powder in liquid nitrogen and extracted sequentially with 0.5 M NaCl (fraction I), 60% isopropanol (fraction II), and 2.3% SDS (fraction III). The protein in each fraction was quantitated by the method of Bradford (5) . Total protein per pod-equivalent of seed was estimated by adding the protein present in fractions I through III. Total alcohol-soluble protein (fraction II) from the equivalent of one pod of seeds (about 50,ug of protein) was separated by electrophoresis through a 12.5% SDS-polyacrylamide gel (18) and electrophoretically transferred to nitrocellulose (34) . Purified a-zeins from maize endosperm were used as mol wt and quantitation standards. Blots were incubated with polyclonal rabbit anti-a-zein serum followed by goat anti-rabbit antiserum coupled to horseradish peroxidase (Bio-Rad). An immunoperoxidase kit (Bio-Rad) was used to assay horseradish peroxidase activity. Figure  1 were constructed. A phaseolin promoter was chosen to direct the transcription of the 19 kD zein coding sequence because high levels of transcription of the phaseolin gene have been demonstrated in dicot seeds (30) .
RESULTS

Construction of Chimeric Genes
The zein coding sequence used in these constructions is derived from a cDNA clone and does not contain a polyadenylation consensus sequence. The cDNA was, therefore, linked to polyadenylation signal sequences from two sources. The clone pSpA incorporates the polyadenylation signal sequence from a phaseolin gene, whereas pGZ322 contains the polyadenylation signal sequence from a gene encoding a 15 kD zein.
Plant Transformations. The chimeric gene constructs were subcloned into the binary Ti-plasmid vectors pBinl9 and pGA492, mobilized into Agrobacterium tumefaciens LBA4404 by triparental matings (8) , and the resulting transconjugants used to infect Petunia leaf discs (14) . Regenerated plants showing kanamycin resistance were analyzed by Southern blot analysis to confirm transformation. Nine independent transformants, containing from 2 to10 copies of the unrearranged chimeric zein genes, were chosen for further study (Fig. 2A) .
Analysis of Zein Expression in Transgenic Plants. The expression ofthe chimeric genes was analyzed by Northern and Western blot analyses of total RNA and alcohol-soluble protein, respectively (Fig. 2, B and C) . For Northern blot analysis, 10 jig of total RNA from 19 dpp seed from each transformed plant was separated by formaldehyde-agarose gel electrophoresis and transferred to nitrocellulose (Fig. 2B) . The blots were hybridized with a 1.7 kbp EcoRI-HindIII fragment from pSpA that contains the entire zein coding sequence plus the phaseolin promoter (Fig.  1B) . Plants transformed with either pSpA or pGZ322 contained RNA of the expected size that was not present in untransformed Petunia (Fig. 2B) (Fig. 1) . Lanes 4 to 13 are as in (A). C, Western blot analysis. Total alcohol-soluble protein (about 40Mug) from one pod-equivalent of 22 dpp seeds (total protein from one pod-equivalent of seed is about 500 Mg) was separated by polyacrylamide gel electrophoresis and transferred to nitrocellulose. Blots were initially reacted with anti-a-zein polyclonal antibodies, followed by reaction with a second antibody coupled to horseradish peroxidase. Lanes1 to 3 contain 10, 5, and 1 ng, respectively, of purified a-zein ( Western blotting was used to detect the 19 kD zein protein in the seeds of these plants. Because zeins are alcohol-soluble, total alcohol-soluble protein from one pod-equivalent of 22 dpp seed from each transformed plant was separated by SDS-PAGE and transferred to nitrocellulose. The blots were incubated with an anti-zein polyclonal antibody and the resulting complexes visualized by reaction with a second antibody coupled to horseradish peroxidase (Fig.2C) . Seed from the transformed plants contained a 19 kD cross-reacting protein not present in the seed from untransformed plants. This protein comigrated on SDS polyacrylamide gels with the mature form of the zein protein, indicating that the signal peptide is apparently recognized and cleaved in Petunia seeds. The level of zein protein was higher in those plants with higher zein mRNA levels. However, variation in protein levels was, at most, 2-to 3-fold, while variation in RNA levels was up to 10-fold. In addition, the steady state levels of 19 kD zein protein were very low compared to the amount of zein mRNA (see "Discussion").
Developmental and Tissue-Specific Expression of the Chimeric 19 kD Zein Gene. One plant, pSpA-1, was chosen for more detailed analysis. Northern blot analysis of total RNA from leaves, stems, roots, petals, and seeds indicated that the expression of the phaseolin/zein chimeric gene was seed-specific (Fig.  3) . Total RNA from the leaves of all pSpA transformed plants was also analyzed and found not to contain detectable levels of zein mRNA (data not shown). Total RNA from seed at 19 dpp from plant gZl9, a plant containing a 19 kD zein genomic with about 850 bp 5' flanking sequence, was included in this analysis. Although zein RNA was detected in the seed of this plant by S-1 nuclease analysis (35) , levels are too low to be detected by these Northem analyses.
The temporal regulation of both zein mRNA and protein accumulation was analyzed in developing seeds. Total RNA and alcohol-soluble protein extracted from developing seeds at 10, 16, 19, and 22 dpp were analyzed by Northern and Western blotting, respectively. The results shown in Figure 4A indicate that zein mRNA began to accumulate between 10 and 16 dpp, peaked around 19 dpp, and was present at lower levels in the mature seed at 22 dpp. Zein protein also appeared at approximately 16 dpp and accumulated thereafter to reach a maximum in mature seeds (Fig. 4B) . The expression of the 19 kD zein polypeptide is, therefore, temporally regulated during Petunia seed development in a manner consistent with the results previously reported for the expression ofa phaseolin gene in transgenic tobacco plants (30) .
The accumulation of the 19 kD zein protein in seeds of these transgenic Petunia plants was much lower than one would expect from the high steady state levels of zein mRNA (Figs. 2 and 4) . Zein mRNA comprised up to 1% of the total poly(A)+ RNA population in Petunia seed (about 1 ng/10 ,ug total RNA, Fig.   2B ). This is comparable to levels of phaseolin and soybean ficonglycinin mRNA measured in transgenic tobacco and Petunia, respectively (3, 30) . These proteins, however, made up from 1 to 3% of the total seed protein, while the 19 kD zein protein was only 0.001 to 0.005% of the total seed protein (1-5 ng/500 ,ug total protein, Fig. 2C ). This observation suggests that translational or posttranslational processes such as protein stability, transport, or localization might play an important role in zein accumulation in Petunia.
DISCUSSION
In previous studies of the expression of the 19 kD zein gene under the regulation of its own 5' and 3' flanking sequences, only small amounts ofmRNA were found and the corresponding protein could not be detected in transgenic dicotyledonous plants or tumors (1 1, 23, 35) . The low steady state levels ofzein mRNA observed in these studies could have been due either to the lack of recognizable upstream transcriptional regulatory sequences or to instability of the resulting transcript. Likewise, the absence of detectable protein could have been the result of inefficient translation or a posttranslational mechanism, such as instability of the zein polypeptide itself.
We constructed phaseolin-zein transcriptional fusions to facilitate the analysis of those factors affecting zein expression in Petunia. Both transcriptional fusions, under the direction of a dicot promoter, resulted in high steady state levels ofzein mRNA in the seed oftransformed Petunia plants (Fig. 3A) . The variation of zein mRNA levels during seed development was also consistent with results previously reported for the expression of the phaseolin gene in dicots (Fig. 4A) (30) . These results suggest that sequences within the zein mRNA do not promote its instability in transgenic Petunia plants. In addition, because this mRNA is not spliced (26) , the differences in steady state levels of RNA transcribed from genomic clones ( [35] ; Fig. 3 ) and cDNA fusions (this study) cannot be due to degradation of unspliced intermediates. Finally, our results suggest that the dicot and monocot polyadenylation sequences in these constructions are utilized with approximately equal efficiency in Petunia embryo tissue. The low steady state levels of zein mRNA detected in transgenic plants containing zein genomic sequences most likely result, therefore, from poor recognition of upstream activating sequences in Petunia, at least in those organs and cell types examined in this study.
In this study, zein protein accumulated in the seed of all transformed plants and reached a maximum in mature seed (Fig.  4B) . The signal peptides ofthe proteins appeared to be recognized and cleaved, and plants with higher zein mRNA levels tended to show higher zein protein levels (cf. Figs. 2B and 2C ). Zein protein levels were, however, much lower than would be predicted from the steady state zein mRNA levels, suggesting that translational or post-translational processes such as protein stability, processing, transport, or localization might play an important role in zein accumulation in Petunia. Preliminary in situ localization studies (data not shown) suggest that zein protein accumulates in dispersed networks or in small aggregates at the cell surface. Although inefficient translation or specific protein turnover might contribute to the low zein protein levels, this preliminary result suggests that transport and targeting to protein bodies might also play an important role in storage protein accumulation. Protein bodies containing the major storage proteins of dicots differ in both ontogeny and localization from the zeincontaining protein bodies in maize. In maize, the zeins are stored in RER-derived protein bodies in endosperm cells (19, 20) . In dicots, the storage proteins are primarily found in cotyledon cells where, after synthesis on the RER, they are transported via the golgi to vacuole-derived storage vesicles (21, 31 (Fig. 1) . Lanes 1 to 3 contain 1, 0.5, and 0.1 ng, respectively, of zein RNA prepared by the in vitro transcription of clone pSP6.cZI9cl.Awt with SP6 RNA polymerase (Fig. 1 (15, 17) . Taken together with our data, these results suggest that the sequence recognition mechanisms involved in the efficient translation, routing, and compartmentation of proteins might vary, not only between monocots and dicots, but also in different tissues within the plant. Analysis of these similarities and differences in heterologous systems offers an excellent opportunity to identify important control points in gene expression and to identify sequences involved in that control.
